ABSTRACT Molecular dynamics simulations and 31 P-NMR spin-lattice (R 1 ) relaxation rates from 0.022 to 21.1 T of fluid phase dipalmitoylphosphatidylcholine bilayers are compared. Agreement between experiment and direct prediction from simulation indicates that the dominant slow relaxation (correlation) times of the dipolar and chemical shift anisotropy spin-lattice relaxation are ;10 ns and 3 ns, respectively. Overall reorientation of the lipid body, consisting of the phosphorus, glycerol, and acyl chains, is well described within a rigid-body model. Wobble, with D ? ¼ 1-2 3 10 8 s À1 , is the primary component of the 10 ns relaxation; this timescale is consistent with the tumbling of a lipid-sized cylinder in a medium with the viscosity of liquid hexadecane. The value for D k ; the diffusion constant for rotation about the long axis of the lipid body, is difficult to determine precisely because of averaging by fast motions and wobble; it is tentatively estimated to be 1 3 10 7 s À1 . The resulting D k /D ? % 0.1 implies that axial rotation is strongly modulated by interactions at the lipid/water interface. Rigid-body modeling and potential of mean force evaluations show that the choline group is relatively uncoupled from the rest of the lipid. This is consistent with the ratio of chemical shift anisotropy and dipolar correlation times reported here and the previous observations that 31 P-NMR lineshapes are axially symmetric even in the gel phase of dipalmitoylphosphatidylcholine.
INTRODUCTION
The rotational relaxation (as described with correlation times) of lipids in bilayers is a sensitive indicator of both lipid structure and the membrane environment. This relaxation can be estimated by NMR and, in principle, be related to changes in membrane composition or ambient conditions. In particular, recent advances in 31 P-NMR have enabled measurement of the nuclear spin-lattice relaxation rate (R 1 ) over a wide range of magnetic field strengths (1), thereby allowing a new experimental frequency-dependent analysis of the dynamical parts of the lipids near the water/lipid interface (2, 3) . For such measurements to be fully informative, however, the molecular origin of the individual motions must be deduced. This is especially critical for 31 P R 1 's because contributions to the relaxation arise from both dipolar interactions with nearby hydrogens on the glycerol and the choline groups, and chemical shift anisotropy (CSA).
This report focuses on determining the motional contributions to 31 P R 1 rates in dipalmitoylphosphatidylcholine (DPPC) bilayers using molecular dynamics (MD) simulations. The results are compared with newly obtained experimental measurements on DPPC near the temperature of the simulation. Of special interest is the degree to which a rigidbody diffusion model is applicable to lipids and the values of the rotational diffusion constants. If the dynamics of different regions (chains, glycerol, phosphate, and choline groups) is largely uncoupled, the relaxation times obtained from NMR measurements would necessarily be interpreted differently than if a rigid-body model were appropriate.
A specific target of this study is the 5-10 ns ''slow'' correlation time t S extracted phenomologically from a modelfree analysis of recently published 31 P data relaxation data from a variety of membranes (2) . A similar ;10 ns correlation time was observed in a sample in which the lipids were crosslinked at the ends of their acyl chains (2) . This latter observation suggests that the dominant slow relaxation does not arise from rotation of the entire lipid about its long axis (axial rotation). If it did, cross-linking would dramatically lengthen t S : There are three plausible alternatives. The first is that isomerizations in the glycerol and phosphate regions randomize the projection of the vectors on the bilayer surface. In the extreme, the tails of the lipids could be frozen in place. In this case, the measurement of R 1 provides information on the bilayer surface but not on the interior. The next alternative entails ''wobble in a cone'', or restricted diffusive reorientation of the lipid long axis with respect to the bilayer normal (4); wobble may be pictured as Brownian motion of a two-dimensional pendulum. Wobble involves the chains and glycerol group and thereby probes the bilayer interior as well as the surface. The third possibility is that the lipids in the sample were not fully cross-linked.
There are two basic steps in the logic of this study. In the first, reorientational correlation functions for the appropriate internal vectors are evaluated from four recently reported (5) MD simulations of DPPC, each of 50 ns. Three contain 72 lipids, and a fourth contains 288. Correlation times and other averages are extracted, and 31 P relaxation rates are calculated and compared with experiment. None of the simulation results were scaled or otherwise altered to achieve a better fit to the R 1 data. The overall very good agreement with experiment enables the second step: fitting the correlation functions of the P-H and other vectors to a relaxation model containing wobble, axial rotation, and fast internal motion. The model, sketched in Fig. 1 and described in detail in the following section, has been applied with good success to the acyl chains of DPPC bilayers (6) (7) (8) . This study extends the modeling to the headgroup region. The similarity of the rigid-body parameters for different vectors suggests the applicability of such models for lipids. The values of the parameters yield insight into the underlying motions contributing to 31 P R 1 and the microenvironment of the bilayer.
METHODS

Simulations and nomenclature
Three fully hydrated (30.4 waters/lipid) systems of 72 DPPC and one of 288 DPPC were simulated for 50 ns after equilibration with the CHARMM (9) and NAMD (10) programs, respectively, and the parameter set C27r (11) . In all cases, areas (A) were fixed at 64 Å 2 /lipid, and a constant normal pressure (P) of 1 atm was maintained with an extended system piston (12) with a mass of 2000 amu. Temperatures (T) of the 72-lipid systems were maintained at 323.15 K with a Hoover thermostat (13) with a coupling constant of 20,000 kcal mol À1 ps À2 . The temperature of the 288-lipid system was not fixed after equilibration, but drift was ,1.3 K over 50 ns. Hence, the ensembles of the 72 and 288 systems are NPAT and NPAH (H is enthalpy) (14, 15) . Longrange electrostatics were evaluated using particle mesh Ewald with a realspace cutoff set to 10 Å (16); Lennard-Jones interactions were shifted to zero from 8-10 Å , and a long-range correction applied to the normal pressure (17) . See Klauda et al. (5) for further details. Simulations were performed at 323.15 K because the surface area per lipid has been determined at that temperature for DPPC (18) . Fig. 2 labels the headgroup atoms relevant for calculations of the 31 P relaxation rates: the glycerol hydrogens that neighbor the phosphorus (HA and HB) and the neighboring hydrogens of the choline (H11A and H11B). Atoms relevant for later analysis include O11 of the glycerol, O12 of the choline, the CH group of the glycerol (C2g-HS vector), and carbon 2 of each acyl chain (C2-C2 vector). The other acyl chains atoms are not shown.
Experimental procedures
DPPC was obtained from Avanti Polar Lipids (Alabaster, AL) and used without further purification. Large unilamellar vesicles were prepared in two ways: i), sonicating the DPPC suspension in 50 mM HEPES, pH 7.5, 40% D 2 O, at 318 K, then cooling the sample to 281 K and letting it sit at this temperature overnight (this generates a fairly homogeneous sample of 1000 Å diameter vesicles); or ii), extrusion of the sample (at least 10 times) using a Lipofast extruder and 0.1 mm filters. Smaller (250-300 Å diameter) highly curved DPPC vesicles (3), produced by sonication, are unstable at the lower temperatures used for sealing samples and tend to fuse over time. Therefore, these smaller structures were not examined by field cycling.
High-resolution 31 P field cycling, covering the range 0.022-11.74 T, was carried out in a custom-built system attached to a Varian (Palo Alto, CA) 500 MHz spectrometer described in detail previously (1) . The DPPC sample (1 ml) was sealed in a shortened 8 mm NMR tube and attached to a plastic shuttle piston that moved up and down the magnet bore by suction or pressure. 31 P relaxation data at 14.04 and 18.78 T were obtained on a Varian INOVA 600 spectrometer, and on the Bruker (Billerica, MA) 800 MHz spectrometer at the Boston area NMR facility. The relaxation rate at 21.13 T was obtained by Dr. Klaas Hallenga on the Varian 900 MHz spectrometer at the National Magnetic Resonance Facility at Madison, WI. Data were taken down only to 0.022 T. Below this field an interesting and useful extra R 1 dispersion has been reported previously (3) . This field regime was not explored because R 1 rises too rapidly to provide useful information about the 1000 Å vesicles studied (3) . Lastly, data were collected at 318 K (rather than the simulated temperature of 323 K) due to concerns with the integrity of the epoxy cement used to seal the samples.
NMR relaxation rates predicted from simulation
The NMR 31 P R 1 rates arise from dipolar and CSA contributions:
Cross correlations between these mechanisms were not calculated because they would be averaged to zero by the rapid cross-relaxation flips of the protons. The dipolar contribution for each P-H interaction was calculated from
where g P (1.08297 3 10 8 T À1 s À1 ) and g H (2.6753 3 10 8 T
À1
s À1 ) are the phosphorus and hydrogen gyromagnetic ratios, v P and v H are, respectively, the product of these gyromagnetic ratios and the applied field, m 0 is the permittivity of a vacuum, Z is Planck's constant divided by 2p, r P-H is the phosphorus-hydrogen distance at each point in the trajectory, and the AEae signifies the time average over the trajectory. The spectral density, JðvÞ; is the one-sided Fourier transform of the reorientational correlation function
with FIGURE 1 Model for lipid dynamics including rotation about the long axis (axial rotation), described by D k ; restricted rotation of the long axis (wobble), described by D ? ; and internal reorientation (including isomerizations of dihedral angles). b is the average angle between the vector of interest (in red) and the long (or symmetry) axis of the lipid. The bilayer normal is shown in brown. The average extent of lipid wobble and internal reorientation of the vector is depicted by the green and blue disks, respectively. A hypothetical trajectory is projected onto the green disk to illustrate wobble. 
where P 2 is the second Legendre polynomial 1 2 ð3x 2 À 1Þ andm is the particular P-H unit vector. Use of Eq. 4, rather than a correlation function including full angular dependence (19) , is appropriate because the relaxation rate is measured as the spherical average (20) over the vesicles which tumble slowly with respect to lipid reorientation but rapidly with respect to spin relaxation. Furthermore, evaluations of R 1 ðdipolarÞ based on the more rigorous correlation function C 2 ðtÞ ¼ AEP 2 ðmð0Þ ÁmðtÞÞ=r 3 P-H ð0Þr 3 P-H ðtÞae did not yield statistically significant differences from Eq. 2. This implies that fluctuations in r P-H and P 2 ðmð0Þ ÁmðtÞÞ are sufficiently uncorrelated so that they can be averaged separately.
Dipolar relaxation of the phosphorus arises from interactions with all nearby hydrogens. Because of the r -6 P-H dependence in Eq. 2, only the closest hydrogens on the glycerol (HA and HB) and the choline (H11A and H11B) need be considered here.
The CSA contribution to the relaxation rate was calculated as
where s and h are the CSA interaction size and asymmetry (21) . Their values were set to 160 ppm and 0.57, respectively (2). Based on solid-state 31 P-NMR measurements of related lipids and model compounds (22) , variations in s and h are 3 ppm and 0.02, respectively. From Eq. 5, variations of this size could lead to shifts of ;65% in calculated R 1 's. The spectral density J CSA ðv P Þ is obtained from C 2 ðtÞ of the principal axis of the 31 P chemical shift tensor. This principal axis was determined by Herzfeld et al. (22) and is denoted s 33 (see Fig. 2 ). The reorientational correlation functions for the other two principal axes, s 11 and s 22 ; were found to be qualitatively similar to that of s 33 : Hence, the R 1 calculated at high field are insensitive to small variations in the orientation of s 33 :
Correlation functions for the assorted vectors determined from the simulations were fit to a function with three exponentials and a constant:
Here, a 0 is the plateau or long-time value of the correlation function, and was calculated directly as the average AEP 2 ðcosuÞae 2 ; where u is the instantaneous angle between the vector and the bilayer normal (assumed here to be the z axis). Spectral densities for v.0 are then given by the Fourier transform of Eq. 6:
The time-independent term a 0 in Eq. 6 is not included in the Fourier transform, Eq. 7, because it would lead to a meaningless singularity at zero frequency. If a simulation of the entire vesicle for many microseconds could be performed, the correlation function evaluated would contain a very slow component given by a 0 expðÀt=t 0 Þ; where t 0 is the rotational correlation time associated with vesicle tumbling and lateral diffusion; for the 1000 Å vesicles studied here t 0 % 25ms (see the Supplementary Material in Roberts and Redfield (3)). The full Fourier transform of Eq. 6 would then contain the low frequency dispersion (3). As already noted, this region could not be studied for these large vesicles. A 25 ms correlation time has no expected observable effect at 0.022 T and above, and therefore is ignored.
Motional models
The two dynamical models utilized here to represent the motion provided by the simulation include rigid-body rotation and internal dynamics. The underlying assumption of such a treatment is that internal dynamics is rapid compared to overall rotation and averages the molecule into an effective shape that can be treated as if it were a rigid body with a unique rotational diffusion tensor. In the case of a lipid in a membrane, simulations indicate that this shape is remarkably cylindrical (7). In both models the vector of interest (shown in red in Fig. 1 ) is attached to a rigid cylinder with an angle b with respect to the cylinder axis. The rotational diffusion constants of the cylinder are denoted D k (describing rotation about the long axis of the cylinder) and D ? (for rotation of the long axis, or wobble). In Model I the lipid is allowed to axially rotate and wobble. The geometry of the bilayer limits the extent of wobble and leads to order parameters S w [ AEP 2 ðcosu w Þae and AEP 4 ðcosu w Þae; where P n are Legendre functions and u w is the instantaneous angle between the cylinder axis and the bilayer normal. A very good approximation to the exact second rank Legendre polynomial correlation function for a vector rigidly attached to the cylinder was derived by Szabo (23):
where d ð2Þ m0 ðbÞ are Wigner rotation matrix elements, and g m;n ðtÞ are functions of D ? ; S w ; and AEP 4 ðcosu w Þae: After accounting for symmetry, there are as many as nine exponential decays in Eq. 8 (see Szabo (23) for full details). When S w ¼ 0 (no restriction on the rotation), Eq. 8 reduces to the formula of Huntress for diffusive relaxation of a symmetric top (24) . When there is no wobble (the cylinder is fixed along the bilayer normal), S w ¼ 1, D ? does not contribute to the relaxation, and it reduces to the Woessner model (25) , which is the basis of Model II:
Internal dynamics primarily arises from isomerization of the dihedral angles and leads to fast decays of the observed or simulated correlation functions. The correlation function for such fast motions is assumed to be where S 2 f is the generalized order parameter and t f is the correlation time. This fast dynamics is also sketched in Fig. 1 Under the assumption that the fast and overall motions are independent, the second rank correlation functions for Models I and II are then defined by
The plateau, or long-time, values of the correlation functions are given by
Correlation functions from the simulation were fit for each model. CðNÞ was set to the plateau calculated directly from the simulation (a 0 ) and used as a constraint for Model I.
RESULTS AND DISCUSSION
Comparison of simulation and experiment Fig. 3 plots the correlation functions obtained from the simulation for the vectors between phosphorus and nearby hydrogens (to evaluate the dipolar contribution to R 1 ) and for the principal axis s 33 (for the CSA contribution); the fitted amplitudes and decay times (Eq. 6) of these correlation functions are listed in Table 1 . The decays of the P-HA and P-HB vectors are not identical. The longest decay times, t 3 ; of P-HA and P-HB are 7 and 12 ns, respectively, and are in the range previously estimated by field cycling for other lipids (2) . The correlation functions for P-H11A, P-H11B, and s 33 are similar, and their three fitted decay constants are 3-5 times smaller than the corresponding t i of P-HA and P-HB; a 3 ; the amplitude of the slowest motion of this set, is also smaller than a 3 of P-HA and P-HB. The origin of these differences is suggested by Fig. 2: if the glycerol region of the lipid is substantially more rigid than the choline group, rotation about the P-O11 bond could relax s 33 but leave P-HA and P-HB relatively unchanged. Isomerizations in the choline region would then lower relaxation times of P-H11A and P-H11B with respect to s 33 . Hence, torsional motions about P-O11 bond could partially decouple the choline group and the rest of the lipid. This is demonstrated explicitly in the following section. Table 2 lists the average lengths (r P-H ) and angles (u P-H ) with respect to the bilayer normal for each of the P-H vectors. The values of r P-H (2.92-2.99 Å ) are comparable to those obtained for other lipids from fits to the experimental 31 P relaxation data (2.80-2.88 Å ) (2) . Recently, a combination of 31 P measurements and the Woessner model were used to obtain tentative values of cos 2 u P-H for assorted lipids (3), leaving two ranges for u P-H : 41.1-46.3°and 64.4-71.5°. The results here indicate that the former range is very likely correct when relaxation is dominated by P-HA and P-HB. Fig. 4 plots the R 1 's calculated from the MD generated correlation functions and those obtained experimentally. (Table 4 includes the individual components of R 1 's from simulation at each field examined.)
Before presenting more analysis, the major features of the experimental curves in Fig. 4 and their correspondences to the parameters in Table 1 are discussed qualitatively. The large rise in R 1 at low field is due to the phosphorus-proton dipolar interaction. The same interaction is well known as a contributor to 15 N R 1 in proteins. However, the correlation time in rigid proteins that dominates dipolar R 1 is that for overall rotational diffusion of the entire protein. Much of what follows in this work is devoted to identifying what gives rise to this motion. The terms in the simulation that give rise to the sharp increase in R 1 seen below 1 T are almost exclusively the ða 3 ; t 3 Þ terms of the P-HA and P-HB vectors in Table I . The remaining dipolar terms in Table 1 are too broad to produce any distinctive peaks in the predicted R 1 curve, although some of them may contribute enough to visibly increase the magnitude of R 1 in the region around 2 T.
The predicted R 1 behavior above 2 T is dominated by the ða 2 ; t 2 Þ term of the CSA interaction, with an increase proportional to the square of the field due to the v 2 P term in the numerator of Eq. 5. The denominator of Jðv P Þ (see Eq. 7, whose dipolar terms are similar to the CSA term J CSA ðv P Þ in Eq. 5) is nearly 1 over the entire field range, because ðv P t 2 Þ 2 ¼ 0.04 for the highest field measured. There is also a nearly field-independent relaxation contribution from the ða 3 t 3 Þ CSA term (it is field independent because ðv P t 3 Þ 2 ) 1 above 2 T, so the v 2 P terms cancel). This term is not readily noticeable in the R 1 plot, but it is responsible for making the field-squared dependence of the ða 2 ; t 2 Þ term less noticeable; so the sum of the two terms more nearly appears linear with field.
In summary, the dispersion in R 1 at low field gives a good estimate of the timescale and size of one important motion of the P-HA and P-HB vectors. The rise in R 1 at high field reports on another, probably related, motion but does not give a magnitude and timescale directly, only the product a 2 t 2 FIGURE 3 Reorientational correlation functions of the phosphorus hydrogen and s 33 unit vectors. P-H11B is omitted for clarity because it overlaps with P-H11A. times known constants. Previously a model-free analysis (2) provided a rough picture similar to the above, but lack of the parameters now provided by the simulation prevented drawing many conclusions.
The relatively larger relaxation of the phosphorus by the glycerol proteins, compared to the choline H11 protons, was noticed earlier (3). An explanation was advanced involving possible different distances to the phosphate from these two pairs of protons. However, Table 2 indicates that the distances are almost identical for all four protons and instead the simulation provides a satisfactory explanation for the different relaxation rates: the P-H11 vectors decay much faster than P-HA and P-HB ( Table 1 ). The dipolar and CSA contributions evaluated from the simulation are approximately equal at 3 T, and, as follows from Eq. 5, CSA relaxation dominates at high fields ( Table 3) .
As explained in Methods, experiments were carried out at 318 K and MD simulations at 323 K. Estimates based on extrapolations of lower temperature data for DPPC and correspondences for dimyristoylphosphatidycholine (DMPC) suggest that R 1 (323 K)/R 1 (318 K) ¼ 0.91 and 0.99 at low and high fields, respectively. Consequently, R 1 's from the simulation and experiment may be compared directly with experiment at high field, whereas those at low field need to be scaled upward by ;10% for a more reasonable comparison.
With the preceding considerations in mind, it is clear from Fig. 4 and Table 4 that the overall agreement for simulation and experiment is very good. At high fields (10.5-21.13 T) the average difference is 16%. At lower fields (0.022-8 T) the simulated R 1 's underestimate experiment by 40% (on average). Applying a 10% correction to account for the temperature difference reduces the lower field differences to 36%. The statistical errors in the R 1 's calculated from the simulation (1-8% at low field and 1-3% at high field) are small compared to the scatter in the experimental R 1 values. Therefore, the differences between simulation and experiment are somewhat, though not substantially, larger than their combined statistical errors.
Although there are no adjustable parameters in the calculation of R 1 's from simulation, inaccuracies in the potential energy function (or force field) are obviously reflected in the results. Results from C27r compare favorably with a wide variety of lipid data (26) . Specifically, the average discrepancies with experimental 13 C R 1 s at 7.04 T and 11.74 T for DPPC multilayers are 15% for resolvable acyl chain carbons, 22% for the choline carbons, and 25% for the glycerol carbons (8). These differences are similar to those reported here for the high field 31 P R 1 's, indicating an overall consistency in the force field. A likely source of discrepancy at low field is the P-H distance. In contrast to the calculation of 13 C relaxation from simulation, where the C-H distance is fixed and well established (27), the P-H distance can fluctuate and is sensitive to small inaccuracies in the dihedral angles in the glycerol and phosphate regions. Specifically, decrease in the average P-H distance of only 0.1 Å increases the low field R 1 's by 23% and nearly erases all of the difference between simulation and experiment. R 1 's are also sensitive to the relative contributions of fast and slow motion. For example, small changes in the dihedral potential of the acyl chains lead to a substantial change to both the magnitude and frequency dependencies of the 13 C R 1 's of acyl chain carbons in DPPC bilayers (26) .
Lastly, the simulations were carried out for 50 ns in periodic cells of 50 and 100 Å /side. Relaxation times arising from collective motions on longer time and length scales that may contribute to R 1 at the lowest low fields are not sampled and are beyond the scope of this study.
Motional models
The results so far confirm that the simulations reproduce the dominant timescales observed experimentally and reasonably match the R 1 's. This section considers models for the relaxation. Table 4 The standard errors are in parentheses. The P-H vector is pointing toward the center of the bilayer when u P-H ¼ 0. Standard errors are 0.001-0.002 Å for r P-H and 0.3°for u P-H .
vector and these have different timescales. To reduce the effects of multiple internal motions, the P-O11 vector was fit to Models I and II. The agreement with the simulated correlation function is now substantially better for Model I (Fig.  5, bottom) . Most striking is that D ? % 1 3 10 8 s À1 and D k , 0.1 3 10 8 s À1 for Model I. This implies that slow relaxation times t S observed in experiment and the slowest decay time t 3 obtained in the simulation (Table 1) arise almost exclusively from wobble. If this is indeed the case, the comparable t S of natural lipids and those tethered at their acyl chains is simple to understand: although tethering effectively eliminates axial rotation, it does not substantially change wobble.
Model II, which does not have wobble, yields D k % 1-2 3 10 8 s À1 , as required to describe a 5À10 ns decay. The fast relaxation time, t f ; is uniformly smaller for Model I and the order parameter, S 2 f ; is uniformly higher. This is because Model I, with nine exponentials for overall rotation (Eq. 8), contains the wide range of decays present in the correlation function calculated from the simulation. Model II, which is limited to two exponential decay terms for the overall rotation (Eq. 9), recruits the fast term to describe motions associated with rotation.
Both models assume that the lipid is rotating as a single unit. Consequently, D ? ; D k ; and S . These results support the notion that this portion of DPPC can be modeled as a rigid body to understand rotational relaxation.
In contrast to the results for the glycerol and acyl chain regions, Model I yields D ? % 4 3 10 8 s À1 for the P-O12 and P-N vectors; i.e., the same rigid-body parameters cannot describe both the body and the head of the lipid. Other parameter combinations (including constraints) were tested, and similar inconsistencies emerged. Such behavior would be expected, for example, if two parts of an object were connected with a universal joint. A reasonable inference here is that the choline group is rotating relatively independently of the rest of the lipid about the P-O11 bond (Fig. 2) . This can be directly tested from the simulation by calculating the potential of mean force (pmf) of selected angles u:
where k B is the Boltzmann constant, T is temperature, and pðuÞ is the (binned) probability of u; the pmf is typically offset so that lowest energy is zero. Fig. 6 plots the pmfs for P-O11-C3g-C2g (a 1 ) and O12-P-O11-C3g (a 2 ). The a 1 torsion is primarily in the trans conformation (180°), and rotation is highly hindered by the 7 kcal/mol barrier. This adds to the rigidity of the glycerol group. In contrast, a 2 populates gaucheÀ (À60°) and gauche1 (60°) states with Contributions to the calculated R 1 are listed for the four nearest intralipid hydrogens and for the CSA. nearly equal probability, and the barrier between them is only 1.3 kcal/mol. The population of the trans state for a 2 is 20%, and the gauche-trans barrier is only 1.1 kcal/mol. This allows the choline group to rotate 360°without great energetic penalty. Hence, the combination of the stiff glycerol region and the low barriers for rotation of a 2 effectively permits DPPC to ''swivel'' about the P-O11 bond. Headgroup rotation has long been recognized to be important in 31 P-NMR (28) . The results here from simulation and modeling are consistent with this assertion.
The preceding discussion of rigid-body motions is not to minimize the effects of internal, or ''fast'', motions. From Table 4 , S 2 f ¼ 0.50 for P-HA. From the cone model, an order parameter, S, can be related to a cone angle, u 0 ; by (29)
The resulting value u 0 ¼ 38°indicates that fast motions sweep out a substantial solid angle. S 2 f for the acyl carbons is substantially lower, as expected for very flexible chains. The t f obtained for the acyl chains are in near quantitative agreement with model-free fits (30) to 13 C R 1 data (31) and our earlier MD simulations (7, 32) .
The 7 s À1 appears to be reasonable based on the analysis here but is substantially less certain than the estimate of D ? : When D k % 0 for a particular vector, axial rotation will have little or no effect on AEP 2 ðmð0Þ ÁmðtÞÞae and, consequently, on R 1 : This implies that correlation times on the timescale of ðD k Þ À1 ¼ 100 ns are unlikely to contribute to 31 (33, 34) . Assuming that DPPC is a cylinder of length 20 Å (half the thickness of the bilayer) and diameter 9 Å (from the surface area of 64 Å 2 ), D k =D ? ¼ 2.5. Analysis of internal motions of the lipid chains based on both experiment (31) and simulation (32) indicate that the viscosity of the bilayer interior is similar to neat hexadecane. Setting the viscosity to 1.87 cP (the value for hexadecane at 323 K) yields D ? ¼ 1.5 3 10 8 s À1 , a value in the range obtained from the simulations. The 10% temperature correction applied to the simulated R 1 s at low field is also consistent with the 9% viscosity difference of hexadecane at 318 and 323 K. The simulated axial ratio then indicates that D k is substantially lower than expected from hydrodynamics of a lipid-sized cylinder. Likewise, the À7 cm 2 /s. This result implies that axial rotation and lateral diffusion are retarded by strong interactions (e.g., hydrogen bonds and salt bridges) in the glycerol and headgroup regions compared to wobble.
Lastly, the results presented here provide a molecular interpretation of the axially averaged lineshape observed for both 31 P and deuterium NMR lineshapes in the liquid-crystalline state of bilayers. The lineshapes from acyl chains of lipids in the gel phase bilayers are not axially averaged (36) , as would be expected from the greatly reduced range of motion. In contrast, both dielectric relaxation (37) and 31 P-NMR (38) studies of DPPC bilayers indicate that the choline group is relatively flexible even in the gel, and, in fact, the lineshape is axially symmetric in excess water and above À10°C (39, 40) . The simulation results and the model presented here are consistent with this observation. The choline headgroup is relatively uncoupled from the remainder of the lipid, and it is plausible that sufficient averaging can take place by internal motions in the absence of wobble or rotation about the lipid axis. However, substantial differences in 31 P-NMR relaxation with the liquid-crystal state are expected because the dipolar interactions with the choline hydrogens are much weaker than those with the glycerol hydrogens.
CONCLUSIONS
31 P spin-lattice relaxation rates calculated from MD simulations agree well with experimental values obtained from 1000-Å -diameter DPPC vesicles over the frequency range 0.02-21.13 T. The dominant slow relaxation times are ;10 ns at low frequency (where dipolar interactions dominate) and 3 ns at higher frequency (where CSA dominates). Both the dipolar and CSA R 1 's also contain substantial contributions from other internal motions, leading to relaxation on the 100 ps timescale.
These results place a caution on model-free analysis of 31 P-NMR relaxation. In essence, the presence of two ''slow'' relaxation times (one for the dipolar and one for the CSA) potentially confounds fitting data over a large frequency range. A reasonable approach is to consider very low and very high field regions separately.
Neither NMR relaxation nor simulation studies directly provide models of molecular motion. Based on the very good agreement of simulation and experiment, calculated correlation functions were fit to two motional models. Model I (which combines wobble, axial rotation, and internal motion, as sketched in Fig. 1 ) provided a better fit than Model II (axial rotational and internal motion only). However, a single set of rigid-body parameters, D ? ; D k ; and S 2 w ; is not applicable to the entire lipid. Rather, two sets, one for the phosphorus, FIGURE 6 pmf for the torsions P-O11-C3g-C2g (a 1 , top) and O12-P-O11-C3g (a 2 , bottom). The pmf near a 1 ¼ 0 is not smooth because of incomplete sampling.
FIGURE 5 Correlation functions for P-HA and P-O11 from MD simulations and best fits from Models I (Eq. 11a) and II (Eq. 11b). Insets show short time behavior.
glycerol group, and the acyl chains (denoted here the ''body'') and the other for the choline group are necessary. Hence, these two regions of DPPC are partially uncoupled by relatively free rotation about the P-O11 bond.
With the preceding distinction made, the 10-ns relaxation is associated with wobble of the lipid body, with D ? ¼ 1-2 3 10 8 s À1 . Rotation about lipid long axis (axial rotation) is much slower, with D k ¼ 1 3 10 7 s À1 , and does not appear to contribute appreciably to 31 P relaxation. Because of extensive averaging by wobble and fast motions, the value of D k should be considered tentative. As noted above, the 3 ns relaxation indicates that the choline group is partially uncoupled from the rest of the lipid. The D ? for the P-O12 and P-N vectors % 4 3 10 8 s À1 and reflects motions of both the lipid body and headgroup.
The value of D ? for the lipid body is similar to that of a cylinder of lipid dimensions rotating in a homogeneous fluid with a viscosity of neat hexadecane. The fast relaxation times (14-40 ps for Model I) of the chain CH vectors are almost identical to the torsional dynamics of neat hexadecane. In contrast, the diffusion constants for axial rotation and lateral translation are not consistent with the dynamics of a cylinder in such a low viscosity medium. It is proposed that specific interactions in the water/lipid interface retard this axial rotation and diffusion while leaving wobble relatively unperturbed. The fast rotation of the P-N vector likely plays a minor role in modulating these motions.
Although a slight (0.1 Å ) reduction in the P-H distances virtually eliminates disagreement of simulation at lower fields, it is also possible that collective motions of the vesicle (31) contribute to the NMR relaxation at these fields. To probe this behavior, simulations of substantially larger systems may be required.
